Abstract-In design phase of naval ships, the effectiveness of RCS reduction means such as shaping, shielding and applying radar absorbing materials is assessed quantitatively via several times of numerical analyses. During the process, in general, the numerical analyses have been carried out only for the static case not considering ship motions in actual ocean environments in spite that ocean waves induce the ship motion of the object naval ship and distort RCS measures. In this study, the dynamic RCS characteristics of the naval ship considering the ocean wave-induced motion have been numerically investigated. For this purpose, a dynamic RCS analysis procedure so called "quasi-static approach" has been adopted for considering the time varying ship motion. The results for two types of naval ships, a stealthy and a non-stealthy ship, show that the RCS of the object naval ships could be reduced or increased in mean value by the ship motion due to the ocean wave, compared to the static RCS value, and also the measures are considerably affected by the various parameters, type of object ship, significant wave height and incident angle of ocean wave, and incident angle of radar wave.
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INTRODUCTION
The radar cross section (RCS) measure of a naval ship is one of the important design features when considering the survivability in hostile environments. Therefore, various techniques, such as shaping, shielding and applying radar absorbing materials, are applied to RCS reduction of the object naval ship.
In design phase, the effectiveness of the RCS reduction means mentioned above is assessed quantitatively via several times of numerical analyses. In general, most numerical analyses are carried out only for the static case not considering the ship motion. In the actual ocean environment, however, the ocean wave should induce the ship motion and distort the RCS [1] . In practice, the impact of the ship motion is calibrated, based on the real-timely measured ship motion data, in the sea trial after completing shipbuilding [2] . And also the dynamic RCS feature extraction is a crucial factor when developing radar signal processing algorithms. Therefore, an efficient numerical analysis algorithm should be required.
Ojeda et al. have experimentally investigated the dynamic RCS by analyzing the Doppler effects by roll motions, based on the test results of a real ship [3] . And Jamil and Burkholder have carried out the study on the dynamic RCS changes due to the ship motion based on numerical simulations with a 2-dimentional generalized forwardbackward (GFB) method [4] . This study is meaningful in a point of view that the first quantitative assessment would be tried, while the study has been restricted to 2-dimensional problems. And also the study has assumed that roll angle would be the same as an inclination of ocean wave, so that could not reflect the actual ship motion characteristics. On the other hand, Kim et al. have suggested a quasi-static approach reflecting the ship motion itself, in the dynamic RCS calculation of naval ships [5] .
In this study, the dynamic RCS characteristics of naval ships considering ocean wave-induced motion are numerically investigated using the quasi-static approach. For this purpose, two types of naval ships are selected as the object models. One is a stealthy naval ship applying the shaping techniques such as inclining hull and shielding outdoor equipment for RCS reduction, while the other is a conventional (non-stealthy) naval ship applying no RCS reduction technique.
DYNAMIC RCS ANALYSIS
A quasi-static approach is introduced to simulate the dynamic RCS values of naval ship as mentioned above. The approach assumes that the ship motion would be temporally stopped when radio wave arrives and is applicable to the problem that the propagation speed of the radio wave is much faster than that of ship motion [6] . Figure 1 represents the dynamic RCS analysis procedure in this study. Firstly, the transfer functions of the ship motion, related to response amplitude operators (RAO) [7] , are calculated by using a strip theory [8] , where the numerical model is generated for the ship motion calculation by referring to the data of hull form under the waterline and the weight data. The time domain ship motion responses could be obtained with the transfer functions calculated and the standard ocean wave spectrum pre-defined.
Procedure
Meanwhile, a reference RCS model is built by referring to the data of the hull form above waterline, the exterior shape and the topside arrangement of the object naval ship, considering a still water condition (no ship motion). Next, a batch of numerical models are automatically generated with the reference RCS model and the attitude data of each time step by using a converting program separately implemented. Finally, a series of RCS calculations are carried out for all models successively based on a high frequency RCS analysis theory.
Time Domain Ship Motion Response Calculation
Considering a six-degree-of-freedom (6-DOF) linear system in the Cartesian coordinates defined as Fig. 2 , the time domain ship motion responses of i-th degree of freedom can be calculated by using the Equation (1) [10] .
where
and t is the time. γ k is the random phase of k-th frequency component.
is the frequencydomain transfer function of i-th degree of freedom and is defined by the following equation:
where ω e,k is the encounter frequency of ship against the ocean wave and calculated by the following equation:
where ω k is the angular frequency of k-th ocean wave. V is the ship speed and g is the acceleration of gravity. µ is the ocean wave incident angle (µ = 0 degree for heading sea, µ = 180 degree for following sea). ς k is the ocean wave amplitude of k-th frequency component obtained by the following equation
where ∆ω k is the angular frequency differential of k-th ocean wave. S(ω k ) is the ocean wave spectral density function and ω is the ocean wave angular frequency.
RCS Calculation
In order to calculate the RCS of the numerical model generated in each time step, a combining method of physical optics and geometrical optics [9, 11] is adopted. The method applies a physical optics for the last reflection point and a geometric optics for the other reflection points, and also is useful for explanation of the polarizations occurred by the single or multiple reflections on dielectrically lossy surfaces as well as perfectly electric conducting (PEC) surfaces. The radar cross section matrix [σ] with polarization is defined by the Equation (5) [12] .
where σ uv is uv-polarization components of radar cross section matrix defined by the Equation (6)
where R is the distance between the receiver and the center of the target, and E i,v and E s,u are the electric field vector of incident and scattered electromagnetic waves, respectively. And also the lower characters, H and V , represent the polarization of electromagnetic waves.
Assuming that the electromagnetic plane wave is incident to any target, the electric field vector scattered to a certain position E s satisfies the following Stratton-Chu integral equation [12] :
where j is the unit imaginary (= √ −1), S the target surface, k the wave number (= ω 0 /c), ω 0 the circular frequency, and c the speed of electromagnetic waves.ζ i andζ s are the unit directional vectors of the incidence and scattering of the electromagnetic wave.n is the unit normal vector at any position on the target surface. E and H are the electric field vector and the magnetic field vector induced on the surface, respectively. r is the position vector of the receiver.z is the electromagnetic impedance of the medium (air).
As mentioned above, the physical optics is adopted for the last reflection point in the multiple scattering problem of the electromagnetic wave. Consider the flat surface of which the area is S and the local coordinates is defined as Fig. 3 . By applying Kirchhoff approximation, the Equation (7) can be rearranged by
where 
where Γ E and Γ H are the Fresnel reflection coefficients of an impedance (lossy) surface for E-and H-polarizations, respectively.ê ⊥ andê i || are the vertical unit vector and the parallel unit vector with respect to the incident plane, respectively.
Meanwhile, the phase integral of the Equation (8) is calculated in the analytic form when the integral surface S is flat polygonal patches [13] .
The geometric optics is adopted for the specular reflections not for the last reflection. In high-frequency range, the electromagnetic wave propagates straightly in a homogeneous medium as if it is a light, and the incident wave is reflected toward the specular direction by Snell's law, as shown in Fig. 4 . The direction of the scatteringζ s is coincident with that of specular reflectionζ r , and the polarization vector of the Equation (9) is simplified as
whereê s || is the parallel unit vector with respect to the incident plane defined in Fig. 4 . The method introduced above requires a special process of extracting the hidden/visual surfaces and the multi-reflection surfaces to perform the phase integrals in the Equation (8) . For this purpose, the hidden surface removal algorithm [13] is used in this paper.
NUMERICAL INVESTIGATION

Object Model and Analysis Condition
The dynamic RCS characteristics of two types of object ships have been numerically investigated. Model-A is a 63 m class stealthy naval ship, applying shaping techniques such as inclining hull and shielding outdoor equipment for RCS reduction, while Model-B is an 88 m class conventional (non-stealthy) naval ship, applying no RCS reduction techniques. Fig. 5 shows views of the reference RCS model of the object naval ships. Each model has been generated referring to the exterior drawings of the object naval ships above waterline. For reference, the reference RCS model of Model-A consists of 29,271 vertexes and 39,356 triangular facets and also that of Model-B of 29,007 vertexes and 24,829 triangular facets. Table 1 shows the analysis conditions used for the ship motion calculation and the RCS analysis, where the incident angle of the radar wave and the ocean wave are defined as shown in Fig. 6 . Figure 6 . Definition of the incident angle of the radar wave and the ocean wave in a top view of the object naval ship.
Static RCS
For comparison with the dynamic RCS results hereafter, the RCS analyses have been carried out for both reference RCS model, i.e., static RCS, where the elevation angle is fixed to 0 degree and the azimuth angle changes from 0 to 360 degrees in 0.2 degree step. Fig. 7 represents the static RCS of Model-A and Model-B with respect to the radar wave incident angle (azimuth angle), respectively. On a whole, there is a little difference in pattern due to the exterior shape of the object ship, and also much fluctuation occurs in both results with respect to the azimuth angle. This means the RCS of the object naval ships could be highly depending on the ship's relative attitude to the radar wave incident direction. For reference, RCS values could not be indicated because of military security problems, instead of that, the RCS difference between tick marks has been expressed on the graphs.
Ship Motion Response
The transfer functions of the object naval ships have been calculated using a program based on a strip theory, MOTNHW [9] . Representatively, Fig. 8 shows the strip section and the RAOs of the Model-A. The ship motion characteristics are different against the ocean wave incident angle, as expected. Particularly, the pitch response is dominant for the ocean wave 0 degree of incident angle µ, while the roll response dominant for 45 and 90 degrees. The results have been used as the transfer functions for the time domain ship motion calculation with the Equation (1).
Dynamic RCS
Numerical calculations have been carried out for all cases mentioned in Table 1 . For discussion, however, only two dynamic RCS analysis results of Model-A are representatively presented in Fig. 9 and Fig. 10 , where the significant wave height and incident angle of ocean wave are 0.88 m and 45 degrees, respectively, but the incident angles of the radar wave are differently set to 45 and 135 degrees for Fig. 9 and Fig. 10 , respectively. For intuitive comparison, the time-domain ship motion response for 6-DOF and the RCS value occurrence histograms In order to investigate the results more quantitatively, the relative mean RCS values to the static RCS values are summarized in Table 2 RCS of the object ships, while the transitional components such as surge, sway and heave do not (independent of time). Fig. 11 represents the results for Model-A and Model-B as scatter plots when only considering the individual rotational ship motion component; pitch, roll and yaw, where the significant wave height is 0.88 m, the radar wave incident angle is 45 degrees, and the ocean wave incident angle is 45 degrees. By comparing the results with that of the consideration of all ship motion components, it is presumable that the roll component would be most correlated to the dynamic RCS, which is considered because the roll motion is the largest for the corresponding case as shown in Fig. 8(c) .
CONCLUSION
In this study, the dynamic RCS characteristics of the naval ship have been numerically investigated for two types of naval ship using a quasi-static approach. From the results, it is observed that the RCS considerably changes in time due to the ocean wave-induced ship motion. On a whole, the dynamic RCS values are lower than the static RCS value (no ship motion) except for some cases. The dynamic RCS of naval ship is considerably affected due to type of the object ship, significant wave height, incident angle of ocean wave and radar wave and so on. Generally, the non-stealthy ship is rather more affected by ship motion than the stealthy ship. Particularly, as the significant wave is higher, the mean dynamic RCS values decrease. Also the RCS variations is rather less for HH-polarization than V V -polarization. The major component affecting the dynamic RCS is the roll motion.
Meanwhile, dynamic RCS is influenced by not only ocean waveinduced motion considered in this study but also the multi-path effect by interaction of ocean surface to ship hull. Therefore, a further study on their combined effects has to be required.
